Mitochondria are subcellular organelles that provide energy for the cell. They form a dynamic tubular network and play an important role in maintaining the cell function and integrity. Heart is a powerful organ that supplies the motivation for circulation, thereby requiring large amounts of energy. Thus, the healthiness of cardiomyocytes and mitochondria is necessary for the normal cardiac function. Mitochondria not only lie in the center of the cell apoptotic pathway, but also are the major source of reactive oxygen species (ROS) generation. Mitochondrial morphological change includes fission and fusion that are regulated by a large number of proteins. In this review we discuss the regulators of mitochondrial fission/fusion and their association with cell apoptosis, autophagy and ROS production in the heart.
INTRODUCTION
It is known that heart diseases have become a leading cause of mortality in our society, especially in developed countries. The heart diseases include coronary heart disease, cardiomyopathy, chemotherapeutic drug-induced cardiotoxicities, myocarditis, the cardiac complications of muscular dystrophy and diabetes (Baines, 2010) . The large increase of morbidity and mortality due to cardiac diseases makes their preventions and therapies an urgent issue to be investigated.
Heart is the most dynamic organ, and it requires large amounts of energy. It is of note that the mitochondria take up as much as 30% of total cardiomyocyte volume. Due to the limited ability for substrate storage, the heart function stringently depends on the ATP-generating pathway (Huss and Kelly, 2005) . Mitochondria provide the energy required for cardiomyocytes function (Finck and Kelly, 2007) . Mitochondrial number in the cardiomyocytes is dynamically regulated in response to cardiac energy demands (Lehman et al., 2000) . For example, the number of mitochondria in the cardiomyocytes substantially increases due to the great energy demands (Mayor and Cuezva, 1985) . Thus, the high abundant existence of functional mitochondria in cardiomyocytes is essential in producing enough ATP required for normal cardiac contractile function (Lin et al., 2001 ). In addition, mitochondria participate in the maintaining of ion and reactive oxygen species (ROS) homeostasis. On the contrary, there are abundant studies showing that the injured and abnormal mitochondria can bring harmful effects on the cardiomyocytes. It has been identified that mitochondria are greatly involved in the onset and deterioration of diverse cardiac diseases.
In this review, we summarize the relevance of mitochondrial network in heart in aspects of mitochondrial morphology, apoptosis and ROS. In particular, we discuss the relationship between mitochondrial malfunction and cardiac diseases.
MITOCHONDRIA FISSION AND FUSION
Mitochondrial fusion and fission are opposing processes that control mitochondrial number, morphology and, to some extent, mitochondrial quality (Twig et al., 2008b) (Fig. 1) . Through fission, mitochondria divide into daughter organelles, resulting in an elevation of the mitochondrial number (Detmer and Chan, 2007) . Mitochondrial fusion mixes mitochondria contents, thus enabling protein complementation (Detmer and Chan, 2007) . The disruption of fusion leads to the fragmentation of the mitochondrial tubular network (Griparic et al., 2004) , while abnormal fission causes elongated and interconnected tubules (Stojanovski et al., 2004) .
As a selective process, mitochondria fusion allows healthy mitochondria to fuse with each other (Hyde et al., 2010) . The regulators of mitochondrial fusion in human include a variety of proteins such as mitofusin-1 (Mfn-1), mitofusin-2 (Mfn-2) and the optic atrophy-1 (OPA1) protein (Detmer and Chan, 2007; Chen and Chan, 2004) . These proteins are dynamin-related GTPases. Mfn-1 and Mfn-2 are located in the mitochondrial outer membrane, and interact with each other to direct the fusion of the neighboring mitochondrial outer membrane (Eura et al, 2003) . OPA1 resides in the mitochondrial intermembrane space and mediates the inner membrane fusing (Cipolat et al., 2004) .
Unlike fusion, fission is a nonselective process (Twig et al., 2008b) . Dynamin-related protein 1 (Drp1) and Fis1 are required for mitochondrial fission in mammals. In healthy mammalian cells, endogenous Drp1 is predominantly localized in the cytosol and can be translocated into mitochondria during apoptosis. Overexpression of dominant negative Drp1 protein results in dramatic increase of mitochondrial connectivity (Smirnova et al., 2001) , while overexpression of Drp1 promotes mitochondrial fission and increases cell vulnerability (Cribbs and Strack, 2007) . In contrast to Drp1, Fis1 is exclusively localized to mitochondria and overexpression of Fis1 in HeLa cells can promote extensive mitochondrial fragmentation (Jofuku et al., 2005) . The role of Fis1 in mitochondrial fission program in mammalian cells remains to be further uncovered.
MITOCHONDRIA AND HEART DISEASES
The heart is an organ with a high demand of energy, and relies heavily on mitochondria to generate ATP through the oxidative phosphorylation chain. In a variety of cardiac diseases, mitochondria exhibit the abnormal morphology with a small size and fragmentation because of excess fission (Schaper et al., 1991; Hom and Sheu, 2009) . A recent research demonstrates that the pharmacological inhibition of the mitochondrial fission protein Drp1 can protect adult murine cardiomyocytes against ischemia/reperfusion injury and reduce myocardial infarct size in the murine heart (Ong et al., 2010) . Another research reveals that mitochondria in the neonatal and adult cardiomyocytes undergo rapid and transient fragmentation in response to thapsigargin-or KCl-induced cytosolic calcium increase (Hom et al., 2010) . As calcium overload is a character of heart failure, this calcium increment can enhance mitochondria fission and aggravate heart injury. All these findings suggest that manipulating mitochondrial morphology may provide a novel therapeutic strategy for cardiac protection.
MITOCHONDRIA MORPHOLGY MEDIATE MITOPHAGY IN HEART Mitophagy in the heart
During mitochondrial fission, a single mitochondrion divides into daughter units. The larger ones have a high membrane potential and a high probability for subsequent fusion, whereas the smaller ones have a low respiration activity and a low membrane potential (Twig et al., 2008a) . Mitochondrial fission requires an intact membrane potential (Legros et al., 2002; Meeusen et al., 2004) , the smaller and depolarized mitochondria cannot fuse with the other mitochondria (Twig et al., 2008a; Mouli et al., 2009) , thereby leaving the cycle and being degraded by a process termed autophagy (Twig et al., 2008a) . Autophagy is a process of catabolism of cellular components including protein aggregates, organelles and viruses. It is necessary for the maintenance of cellular homeostasis (Mizushima et al., 2008; Mortensen et al., 2010; Yang and Klionsky, 2010) . The morphological character of autophagy is autophagsome formation that encompasses the cellular components, and fuses with lysosome to degrade it.
Mitophagy selectively degrades mitochondria (Kim et al., 2007) . It regulates mitochondria number to match the metabolic or developmental demands. In addition, it removes the damaged mitochondria (Tolkovsky et al., 2002; Kundu et al., 2008) . Pink1 and Parkin form an axis that regulates mitophagy in mammalian cells. Pink1 triggers Parkin translocation from cytosol to mitochondria where Parkin ubiquitinates mitochondrial proteins to form autophagosomes (Geisler et al., 2010) . In red blood cells, for example, Nix may recruit isolated membranes to mitochondria (Schweers et al., 2007) , a process in which UNC51-like kinase1 (ULK1) and Atg7 are involved in the removal of mitochondria (Kundu et al., 2008; Mortensen et al., 2010) .
The physiological and pathological significance of mitophagy/autophagy in the heart remains to be elucidated. On one hand, it can remove the impaired mitochondria produced in the pathogenesis of cardiac diseases and thus, is beneficial for cardiac function. For example, the cardiac specific deficiency of Atg5 can lead to cardiac hypertrophy with mitochondrial misalignment and aggregation (Nakai et al., 2007) . However, excessive mitophagy/autophagy leads to cardiac damage. Short-term nutrient deprivation induces cardiomyocyte autophagy, and heart failure is accompanied by an increase in autophagy. Disruption of Beclin-1 in mice reduces cardiomyocyte autophagy and abolishes the pathological remodeling in response to the pressure stress (Zhu et al., 2007) .
The current understanding appears to be that the mild autophagy in physiological conditions is protective to the heart, while excessive autophagy under the pathological condition is detrimental to the heart (Nakai et al., 2007; Matsui et al., 2007; Zhu et al., 2007) .
Mitochondrial morphological changes in mitophagy/autophagy
The process of mitophagy involves several mitochondrial fission and fusion regulators. Overexpression of Fis1 leads to extensive fission of mitochondria and induces excessive mitochondrial autophagy (Gomes and Scorrano, 2008) . Mitochondrial fusion protein OPA1 deficiency is associated with increased autophagy (White et al., 2009) . Under starvation conditions the mitochondrial outer membrane serves as a resource of autophagosome and Mfn-2 plays an important role in regulating the starvation-induced autophagy (Hailey et al., 2010) .
In adult cardiac myocytes, Drp1-mediated mitochondrial fission is required for mitophagy induced by Bnip3. Overexpression of dominant negative of Drp1 results in decreased mitochondrial fission and decreased mitophagy (Lee et al., 2011) . The relationship between mitochondrial morphology and mitophagy/autophagy in heart is needed to be further investigated.
MITOCHONDRIA MEDIATE APOPTOSIS IN HEART
Cardiomyocytes are terminally differentiated cells with limited proliferative ability. Their proliferation mechanisms have been explored recently. The loss of cardiomyocytes through apoptosis remains a predominant cause in a variety of cardiovascular diseases. For example, apoptosis has been detected in the animal model of ischemia/reperfusion (Gao et al., 2008) , as well as in the patients with acute myocardial infarction (Olivetti et al., 1996) , dilated cardiomyopathy (Aharinejad et al., 2008) , and metabolic cardiomyopathy (Gürtl et al., 2009) . The transgenic mice with tissue specific expression of tumor necrosis factor-α in cardiomyocytes can induce severe pathogenesis of cardiac diseases (Bryant et al., 1998) . Thus, apoptosis plays an important role for the pathogenesis of cardiac diseases.
Apoptosis can be mediated by the extrinsic and intrinsic pathways, and mitochondria lie in the core of intrinsic apoptosis pathway. Upon ischemia/reperfusion or oxidative stress injury, the proapoptotic proteins, such as Bax and Bak, translocate to the mitochondrial outer membrane where they impair the permeability of the outer membrane, and induce the release of proapoptotic factors including cytochrome c, Smac/DIABLO or Omi/HtrA2 into the cytoplasm. Cytochrome c binds to the cytosolic protein Apaf-1 and activates the sub-sequent caspases. Smac/DIABLO or Omi/HtrA2 can activate caspases through binding to apoptosis inhibitors (Kroemer et al., 2007; Gustafsson and Gottlieb, 2008) . Other Bcl-2 family members such as Bcl-2, Bcl-XL, Bcl-w, Bid, Bim and Puma are also involved in this process (Adams and Cory, 2001 ). Mitochondrial protein Nix triggers apoptotic cardiomyopathy (Yussman et al., 2002) , and Nix overexpression induces cardiomyocyte apoptosis (Diwan et al., 2008) .
Preventing cardiomyocyte apoptosis is an important therapeutic target in treating heart diseases. Bifunctional apoptosis regulator (BAR) is an endoplasmic reticulum protein that inhibits cardiomyocyte apoptosis through interacting with the intrinsic apoptosis pathway (Chua et al., 2009 ). Bcl-2 protects cardiomyocyte from apoptosis (Misao et al., 1996; Imahashi et al., 2004) . And cardiac specific Bcl-2 transgenic mice exhibit reduced infarct size and cardiomyocyte apoptosis (Brocheriou et al., 2000; Chen et al., 2001 ). Apoptosis repressor with caspase recruitment domain (ARC) translocates to mitochondria upon phosphorylation by protein kinase CK2 (Li et al., 2002) . It protects the heart from ischemia/reperfusion injury by inhibiting Bax activation (Donath et al., 2006) . Taken together, mitochondria play an important role in controlling apoptosis in the heart. Currently, the relationship between apoptosis and mitochondrial fission remains a challenging question. A large body of evidence demonstrates that mitochondrial fission is involved in the initiation of apoptosis (Cereghetti et al., 2010; Karbowski, 2010) . Mitochondrial structural changes occur in response to a variety of apoptotic stimuli. The tubular mitochondria change into small and round ones during apoptosis (Frank et al., 2001) . Concomitantly, Drp1 and hFis1 levels are elevated in early apoptosis in cultured cardiomyocytes (Parra et al., 2008; Ong et al., 2010) and in heart failure model as well (Chen et al., 2009 ). Drp1 (Frank et al., 2001; Lee et al., 2004) and hFis1 (Lee et al., 2004; Alirol et al., 2006) participate in the process of cell death. During cardiac myocytes apoptosis, Drp1 translocates to mitochondria from cytosol (Wang et al., 2011a) . Hitherto, much of mitochondrial fission in the cascades of apoptosis remains to be explored (Fig. 2) .
REACTIVE OXYGEN SPECIES (ROS) PLAY AN IMPORTANT ROLE IN REGULATING THE MITOCHONDRIAL NETWORK ROS generation in the cardiomyocytes
ROS include superoxide, hydroxyl radicals and hydrogen peroxide, which are all by-products of normal mitochondrial metabolism and bioenergetic activities. Mitochondrial electron transport chain (ETC) is the major source of ROS production. ETC is composed of inner mitochondria membrane complex I, II, III and IV. It can be injured by cardiac ischemia (Casademont and Miró, 2002; Chen et al., 2008) . The impairment of ETC increases the production of ROS, and the excessive superoxide attacks the ironsulfur center of the aconitase, thereby further affecting tricarboxylic acid cycle and the mtDNA (Hausladen and Fridovich, 1994) . Cardiomyocyte ETC dysfunction leads to excessive generation of ROS that causes heart malformation and lethality (Ingraham et al., 2009) . ROS play an important role in the pathogenesis of a variety of cardiovascular diseases such as hypertension, cardiomyopathy, cardiac hypertrophy, heart failure and ischemia-reperfusion injury (Ytrehus et al., 1987; Dhalla et al., 2000) . Thus, ROS and their origin ETC are vital cellular components in the maintenance of cardiac function.
Central role of ROS in cardiomyocyte apoptosis
It has long been recognized that ischemia/reperfusion involves not only mitochondria dependent apoptosis, but also necrosis, and ROS functions in both pathways.
ROS are able to induce cardiomyocyte apoptosis in vitro (Aikawa et al., 1997; von Harsdorf et al., 1999) . Hydrogen peroxide can induce the translocation of Bax and Bad from cytosol to mitochondria (von Harsdorf et al., 1999) . ROS induce the production of TNF-α, which is elevated in many cardiac diseases and cardiomyocyte apoptosis (Suematsu et al., 2003) , and ROS may be the direct cause of Cytochrome c release (Atlante et al., 2000) . The two recently found ROS generators p66
Shc and MAO-A are important regulators in ischemia induced cardiomyocyte apoptosis. p66Shc transgenic mice shows greater sensitivity to AngII, in that cardiomyocytes died of apoptosis after treated with AngII (Graiani et al., 2005) . p66 Shc knockout mice have normal blood pressure, heart rate and left ventricular wall thickness, nevertheless, have increased number of cardiomyocytes, and are resistant to the AngII treatment (Graiani et al., 2005) . MAO-A inhibitors can reduce the oxidative stress and mitochondrial dependent cell death during ischemia, and finally prevent cardiac damage (Bianchi et al., 2005) . It is now recognizing that apoptosis and necrosis both exist in the ischemia/reperfusion, and contribute differentially to cardiomyocyte injury. Necrosis, rather than apoptosis is the major cause of cell death during ischemia (McCully et al., 2004) . Cardiomyocyte apoptosis is evident only at the long term of ischemia (more than 25 minutes), mainly exists adjacent to the ischemia necrotic zone, and inhibition of apoptosis fails to rescue the function of the ischemic cardiomyocyte (Zhao et al., 2000) . Apoptosis is largely considered to be triggered during reperfusion (Zhao et al., 2000) . ROS and calcium are common factors in necrotic cell death (Vanlangenakker et al., 2008) . Mitochondrial calcium overload is the consequence of an elevation of cytosolic calcium during necrosis, resulting in mitochondrial permeability pore (mPTP) opening. And in cardiomyocyte, it is ROS, rather than calcium overload, induce mPTP opening and result in calcium dysregulation and necrosis (Kim et al., 2006) .
ROS affect mitochondrial network
Mitochondrial morphology is determined by the rate of mitochondrial fission and fusion, and is associated with the generation of ROS (Rodrigues et al., 2011) . ROS can induce the opening of mPTP (Zorov et al., 2000) , disrupt mitochondrial depolarization (Skulachev et al., 2004) , and finally result in mitochondrial fragmentation (Zorov et al., 2000; Zhang et al., 2009 ). Mitochondrial damages, such as photo damage or the mitochondria-targeted oxidants, induce a boost of ROS, cause the loss of membrane potential and interruption of mitochondrial fission (Mai et al., 2010; Schmidt et al., 2010; Mai et al., 2012) . Ischemia/reperfusion-induced endothelial cell mitochondrial fission is related to mitochondrial ROS generation (Giedt et al., 2012; Johnson et al., 2012) .
Many mitochondrial fission/fusion factors play a role in ROS production. Drp1 promote the production of ROS (Ferrari et al., 2011) . Knockdown of Drp1 delays the ROS production (Kobashigawa et al., 2011) . Drp1 and ROS mediate the methamphetamine-induced mitochondrial fission (Tian et al., 2009 ). Mfn-1 remodels the outer mitochondrial membrane in mitochondrial fusion. In the cardiomyocyte-specific Mfn-1 knockout mice, mitochondrial fusion is reduced and cardiomyocytes exhibit increasing resistance against the imminent ROS overload and ROS-induced mitochondrial dysfunction (Papanicolaou et al., 2012) . Pink1 is a mitochondria-targeted Ser/Thr kinase. It genetically interacts with the mitochondrial fission/fusion machinery and participates in a FOXO3a-mediated ROS defense pathway (Mei et al., 2009 ). Pink1 knockout results in respiratory dysfunction, ROS elevation (Wood-Kaczmar et al., 2008) , and mitochondrial fission (Chu, 2010) (Fig. 3) .
PERSPECTIVE
Recent studies have revealed that mitochondria are highly dynamic organelles that continuously undergo fission and fusion to form a tubular network within the cell. Mitochondrial network constantly changes in respond to different physical and biological environment, and it plays a crucial role in the maintenance of cell integrity. Over the past years, several lines of evidence have shown that proteins or miRNAs can modulate mitochondrial dynamics. However, how individual mitochondria communicate with neighbor ones or the ones over distance to coordinate as a network in response to stress remains to be elucidated. It is likely that the study on mitochondrial dynamics will provide groundbreaking discoveries in the field of cell biology and preclinical medicine, as it holds a promising therapeutic means in treating heart disease.
ABBREVIATIONS
ARC, apoptosis repressor with caspase recruitment domain; BAR, bifunctional apoptosis regulator; Drp1, Dynamin-related protein 1; ETC, electron transport chain; IFM, interfibrillar mitochondria; Mfn, mitofusin; Pink1, putative kinase 1; ROS, reactive oxygen species; OPA1, optic atrophy-1; SSM, subsarcolemmal mitochondria; ULK1, UNC51-like kinase1 
